Introduction
The immune response to virus infection begins with the recognition of viral pathogen-associated molecular patterns (PAMPs) as 'nonself' signatures. This recognition occurs through host pattern recognition receptors (PRRs). Toll-like receptors (TLRs) are a class of PRRs that recognize viral motifs presented at the cell surface or within the endosomal compartment but are not known for mediating cytosolic pathogen recognition. On the other hand, cytosolic PRRs have been identified that play major roles in the recognition of viral nucleic acid. These include the RIG-I-like receptors (RLRs), novel DNAbinding factors, and the nucleotide-binding domain-leucine-rich repeat-containing molecules (NLRs).
Following recognition of viral RNA or DNA, the PRRs undergo conformation changes or specific modifications that drive their signaling-active state and their downstream induction of type I interferon (IFN) and proinflammatory cytokine expression by the infected cell. Type I IFN is subsequently secreted and binds the type I IFN receptor on the cell surface in an autocrine and paracrine manner to activate Jak/STAT signaling and lead to the production of hundreds of interferon stimulated genes (ISGs). ISGs function to directly inhibit viral infection, trigger apoptosis of infected cells, and they play an important role to modulate adaptive immunity [1, 2] . Overall, PRR signaling and the initiation of innate antiviral defenses represent our first line immune response to virus infection.
In this review, we summarize recent understanding of cytosolic recognition of viral nucleic acids leading to immunity and inflammation to limit virus infection.
Recognition of RNA viruses by RLRs
The RLR family consists of three members: retinoic acidinducible gene I (RIG-I), melanoma differentiationassociated gene 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2) [1] . RIG-I and MDA5 contain two N-terminal caspase activation and recruitment domains (CARDs), which are essential for their signaling activity. All three molecules have an internal DExD/Hbox RNA helicase domain with ATPase activity. This ATPase activity, which is activated by ligand binding, does not appear to be required for RNA binding though it is necessary for signaling [3, 4] . Finally, the C-terminus of RIG-I and LGP2 have been shown to act as a repressor domain (RD) that holds the molecule in an inactive conformation until RNA binding triggers an ATP-dependent conformational change that releases the CARD domains for signaling. In terms of RIG-I, this signaling initiation program has been defined through biochemical, genetic, and virologic studies ( Figure 1 ) [5] . After binding nonself-ligand, RIG-I and MDA5 interact via their CARD domains with the signaling-adaptor molecule, IPS-1 (also known as MAVS, VISA, and Cardif), which recruits a signaling complex to activate transcription factors, including IRF3 and NF-kB. These events lead to the induced expression of IFN-b, IRF3-target genes, and NF-kB target genes to drive antiviral and inflammatory responses against infection (Figure 2 ) [6] [7] [8] [9] .
A large research effort has focused on understanding the ligands that are recognized by each of the RLRs. Despite the structural similarity between RIG-I and MDA5, they were found to be responsible for IFN induction by distinct sets of viruses. While RIG-I recognizes a number of both positive and negative stranded viruses (including Hepatitis C virus, respiratory syncytial virus and related paramyxoviruses, vesicular stomatitis virus and influenza A virus), MDA5 is responsible for the recognition of picornaviruses and is the primary sensor of the dsRNA mimetic poly(I:C) [10, 11] . Interestingly, both sensors appear to respond to reoviruses (a segmented dsRNA virus), and West Nile virus and Dengue virus (positivestranded RNA viruses) (Table 1) [11, 12] . Much of the virus specificity between the two PRRs has been found to reside in the particular RNA structures or nucleotide composition recognized by each.
RNA recognition by RIG-I requires the presence of a free 5 0 -triphosphate structure [13] . This requirement allows for differential recognition of nonself/viral RNA versus self-RNAs, as host RNA is either capped or post-translationally modified to remove the 5 0 -triphosphate. The exact nature of the RNA recognized by RIG-I is still rather controversial. RIG-I was first reported as binding dsRNA [14] . Although it has been reported that ssRNA bearing a 5 0 -triphosphate is recognized by RIG-I [15] , a recent report suggests that the RNA requires some double-strandedness and that previous results were because of unintended hairpins produced by T7 in vitro transcription [16] . However, this assertion requires validation from other groups in addition to strict biochemical proof. RIG-I also recognizes particular sequences within the RNA. Uridine and adenosine-rich regions of RNA are preferentially utilized as RIG-I substrates, and are found within the PAMP structure of Hepatitis C virus and a number of other viruses recognized by RIG-I [17, 18] . RIG-I is also able to recognize cleavage products produced by the host endonuclease RNase L during virus infection, which potentially serves to amplify RLR signaling responses [19] .
The ligand of MDA5 is not yet well defined. Picornavirus RNA is specifically recognized by MDA5, as the VPg molecule attached to the 5 0 -end of the viral RNAs blocks the 5 0 -triphosphate required for RIG-I recognition [10, 15] . It is now thought that MDA5 preferentially binds long dsRNAs (greater than 1 kb in length) while RIG-I is responsible for binding shorter dsRNA fragments and specific homopolymeric nucleotide sequences [20] . Further studies will be required to more accurately define the motifs recognized by MDA5 for activation of signaling.
Among the RLRs the role of LGP2 and the nature of its ligand recognition properties are comparably less well
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Figure 2
The RLR signaling pathway showing RIG-I bound to ligand RNA and signaling downstream to IRF3 and NF-kB to induce IFN-a/b production from a virus-infected cell. IFN-a/b is then shown signaling through the IFN-a/b receptor and the Jak-STAT pathway to drive ISG expression and an innate immune response. Details are described in the text.
understood. The lack of a CARD domain led to the belief that LGP2 functions as a negative regulator of RLR signaling, and this was backed up by initial in vitro experiments [21] . However, initial studies of LGP2 knockout mice suggested that this molecule can also serve as a positive regulator of RLR signaling depending on the virus and likely the specific cell type involved in the infection [22] . More detailed analyses are needed to identify the exact role of LGP2 in cytosolic PAMP recognition and RLR signaling programs.
PRR recognition of cytoplasmic DNA
Recent studies have revealed specific factors expressed in mammalian cells that participate in the nonself-recognition of B-form DNA, including viral DNA. While TLR9 has been known as a PRR that recognizes unmethylated/microbial DNA in the endosome, B-form DNA has been shown to induce type I interferon when introduced into the cytoplasm of host cells. These DNAs include DNA from viruses, bacteria, apoptotic host cells, and synthetic B-form DNAs (particularly poly(dA:dT) and interferon stimulatory DNA (ISD)) [23, 24] . The first reported cytoplasmic DNA receptor was identified as DNA-dependent activator of IFN-regulatory factors (DAI, also known as ZBP-1) [25] . DAI is an interferoninducible gene whose product is able to bind B-form DNA and trigger signaling to type I IFN through downstream induction of NF-kB and IRF3 transcriptional activities. While DAI appears to be responsible for DNA-dependent IFN induction in particular cell types, other cell types, and DAI-knockout mice exhibit normal responses to DNA vaccines, indicating the presence of other as yet unidentified DNA sensor(s) responsible for immune induction in response to microbial DNA [26] . It should be noted that recent studies now show that synthetic poly(dA:dT) or DNA encoded by Epstein-Barr virus (EBV), Herpes Simplex virus 1 (HSV-1), adenovirus, and Legionella pneumophila are actually recognized indirectly through RIG-I [27, 28] . In this case, the cellular RNA polymerase III was shown to transcribe AT-rich dsDNA of the microbe into dsRNA containing a 5 0 -triphosphate, which subsequently activates RIG-I signaling through IPS-1. Pathogen recognition will occur through RIG-I recognition of homopolymeric U and A motifs in the 5 0 -ppp RNA products. However, DNA sensing occurs in many cell types in the absence of IPS-1 signaling, and the physiological relevance of RNA polymerase III-dependent recognition remains to be elucidated.
Cytosolic PRRs and virus-induced inflammasome activation
In addition to triggering the expression of type I IFN and IFN-induced innate immune defenses from infected cells, viruses are also able to induce activation of proinflammatory cytokines including IL-1b and IL-18 in a variety of cell types. Activation of IL-1b and IL-18 occurs through triggering of the inflammasome, a complex composed of specific NLRs that oligomerize upon stimulation (often requiring the presence of CARD-containing adaptor molecules) and recruit caspase 1 through CARD-CARD interactions. This interaction induces the self-cleavage and maturation of caspase 1, which then cleaves pro-IL-1b and pro-IL-18 to release the mature forms of these proinflammatory cytokines for secretion, thus driving the inflammatory response that serves to recruit immune cells to the site of infection [29] . The PRR role of NLRs and their functions in inflammasome signaling have been primarily studied in the context of bacterial infection through their recognition of microbial PAMP components such as peptidoglycan and flagellin [30] . However, recent work has highlighted a role for NLR inflammatory pathways in controlling DNA or RNA virus infection and immunity.
NLRP3 (also known as NALP3 or cryopyrin) is a known mediator of bacterial and chemical triggers of inflammation, including ATP and uric acid [31] . NLRP3, with its adaptor molecule, apoptotic speck-like protein containing a CARD (ASC) and caspase 1, make up the NLRP3 inflammasome [31] . The NLRP3 inflammasome was found to be stimulated during acute infection by both adenovirus and vaccinia virus, leading to IL-1b secretion from the infected cells [32, 33] . In the case of adenovirus, Summarized from Ref. [11] .
inflammasome activation was dependent on the presence of viral genomic dsDNA, lending support to the idea that NALP3 may directly or indirectly serve as a PRR for DNA-based pathogens to trigger inflammation [32] .
RNA viruses also have the potential to activate inflammasomes, as influenza A virus was recently reported to trigger inflammasome signaling through NLRP3 [34] [35] [36] . NLRP3, ASC, and caspase 1 were found to be essential for IL-1b activation in mouse infection of influenza A virus, and loss of these molecules led to increased mortality in a disease model. Two groups reported differing results on the requirement of inflammasome signaling for influenza virus-specific adaptive immune responses, though it was suggested that the disparity could be because of differential amounts of virus in inoculations [34, 35] . There are likely additional NLRs that detect influenza A virus infection, as some cell types responded to the virus in an ASC-dependent and caspase 1-dependent but NLRP3-independent manner [34] .
The aforementioned studies indicate a role of NLRP3 inflammasomes in cytosolic detection of DNA and RNA viruses, leading to activation of proinflammatory cytokines. However, it is not yet known if NLRP3 directly detects nucleic acids or if these inflammasomes are activated indirectly following nucleic acid recognition by an unknown sensor that may associate with NLRP3. The broad range of NLRP3 activators suggests that it may respond to a less specific stimulus such as cellular stress or alterations of host metabolites downstream of pathogen infection.
As opposed to NLRP3, the absent in melanoma 2 (AIM2) protein, a HIN-200 protein family member, has been shown to directly bind and respond to cytosolic dsDNA [32, [37] [38] [39] [40] . Binding of DNA to AIM2 induces its oligomerization and recruitment of ASC through its pyrin domain, leading to caspase 1 activation as in the case of the NLRs. Inflammasome activation by AIM2 is responsible for IL-1b secretion following dsDNA transfection into the cytoplasm of host cells as well as by infection from various DNA viruses including adenovirus and vaccinia virus [32, 33] .
These studies identify the inflammasome as a mediator of proinflammatory responses to viral infection whose actions are triggered by cytosolic PRRs (Figure 3 ). Further studies in this field could potentially lead to novel therapeutics that target inflammasome processes for the effective and balanced induction of inflammation and the control of viral infection.
Viral evasion of host recognition
As the host has evolved factors and strategies for detecting and responding to viral infection, viruses have developed countermeasures to inhibit these processes. One of the best characterized of these evasion methods is the cleavage of IPS-1 by the Hepatitis C virus (HCV) NS3/4a protease [41] . This cleavage results in a blockade of RIG-I signaling of innate immunity, thereby indirectly attenuating PRR actions and modulating the immune response to infection to favor viral persistence.
RIG-I and MDA5 are also direct targets of viral inhibition. The influenza A virus NS1 protein has been shown to inhibit PRR signaling by RIG-I through direct interaction [42] , while the paramyxovirus V protein binds and inhibits MDA5 to abrogate its PRR signaling actions [43] . Other viruses alter potential ligands of PRR recognition in order to avoid detection by PRRs. An interesting highlight of these actions is the viral-directed removal of 5 0 -triphosphates from the RNA nucleic acid of Hantaan, Crimean-Congo hemorrhagic fever and Borna disease viruses, thereby providing a mechanism to escape detection by RIG-I [44] .
IRF3 is another common target of viral inhibition of innate immune signaling because of its essential role as a downstream transcription factor of RLR and DNA sensor PRR signaling. Importantly, human herpesviruses and human immunodeficiency virus have both been shown to induce the specific degradation of IRF3 in infected cells to thus inhibit induction of antiviral genes downstream of the actions of their specific PRRs [45] [46] [47] [48] . Other examples of the targeted degradation of downstream factors of cytosolic PRR signaling have been presented, revealing a theme in viral evasion [1] . Many pathogenic viruses employ additional mechanisms by which they block PRR actions. Therapeutic interventions that are designed to target the virus-host interface of such Recognition of viruses by cytoplasmic sensors Wilkins and Gale 45 Figure 3 PRR signaling of the inflammasome. Model shows signaling by NLRP3 during influenza virus infection. Host metabolite products and/or viral products such as nucleic acid or viral protein serve as specific NLR ligands to trigger NLRP3 signaling activation. Adapted from Ref. [31] .
immune evasion strategies to restore the functions of PRRs and their signaling pathways will offer the potential to restore innate immune induction and inflammatory programs that initiate immunity for the control of virus infection [29, 41] .
Conclusion
Recent advances in cytoplasmic recognition of viral infection include the elucidation of specific PRRs involved in detecting viral nucleic acids as nonself-moieties that trigger immunity to infection. Additionally, cytosolic PRRs that trigger the inflammasome have been identified. These new insights should pave the way for the development of improved vaccine adjuvants, vaccine strategies, and overall design of antiviral therapeutics to control virus infections. Such developments will be supported by continuing investigations aimed at specifically defining PRR/PAMP interactions and the nature of viral nucleic acids that confer PRR recognition. Finally, an increased understanding of the mechanisms by which pathogenic viruses regulate innate immune signaling should allow us to define key targets for future therapeutic strategies aimed at restoring PRR functions and amplifying PRR signaling actions to enhance immunity. 
